As mouse imaging has become more challenging in preclinical research, efforts have been made to develop dedicated PET systems. Although these systems are currently used for the study of physiopathologic murine models, they present some drawbacks for brain studies, including a low temporal resolution that limits the pharmacokinetic study of radiotracers. The aim of this study was to demonstrate the ability of a radiosensitive intracerebral probe to measure the binding of a radiotracer in the mouse brain in vivo. Methods: The potential of a probe 0.25 mm in diameter for pharmacokinetic studies was assessed. First, Monte Carlo simulations followed by experimental studies were used to evaluate the detection volume and sensitivity of the probe and its adequacy for the size of loci in the mouse brain. Second, ex vivo autoradiography of 5-hydroxytryptamine receptor 1A (5-HT 1A ) receptors in the mouse brain was performed with the PET radiotracer 29-methoxyphenyl-(N-29-pyridinyl)-p-18 F-fluorobenzamidoethylpiperazine ( 18 F-MPPF). Finally, the binding kinetics of 18 F-MPPF were measured in vivo in both the hippocampus and the cerebellum of mice. Results: Both the simulations and the experimental studies demonstrated the feasibility of using small probes to measure radioactive concentrations in specific regions of the mouse brain. Ex vivo autoradiography showed a heterogeneous distribution of 18 F-MPPF consistent with the known distribution of 5-HT 1A in the mouse brain. Finally, the time-activity curves obtained in vivo were reproducible and validated the capacity of the new probe to accurately measure 18 F-MPPF kinetics in the mouse hippocampus. Conclusion: Our results demonstrate the ability of the tested radiosensitive intracerebral probe to monitor binding of PET radiotracers in anesthetized mice in vivo, with high temporal resolution suited for compartmental modeling.
The last 20 y have seen the emergence of many animal models that mimic human diseases (tumor growth, neurodegenerative disease, or neuropsychiatric disorders) and are used to investigate and propose new therapeutic approaches to these diseases (1) . The murine models are of great interest because they are particularly suited to the application of molecular biology strategies such as knock-out and knock-in, generating many types of transgenic strains (2, 3) . In following disease progression and staging therapeutic protocols in vivo, the development of specific imaging techniques is essential for proper in vivo detection and quantification of molecular changes during gene expression (4) . Radioactive techniques and, more particularly, PET are efficient ways to address this problem because they can provide quantitative information about in vivo biologic processes at the molecular level. In this context, many groups have focused on adapting PET tomographs-initially developed for human imaging, and more recently for rat studies-to overcome the specific constraints of the mouse. Although some interesting and promising results have already been obtained with dedicated small-animal PET (5-7), the available scanners suffer from drawbacks such as their limited sensitivity, which impairs their temporal resolution, especially at the end of the experiment, when radioactive signals become low.
In this study, we proposed an alternative to PET for mouse brain studies-the use of a local probe sensitive to bradioactivity (b microprobe; Biospace Lab SA). This lowcost technology, which was initially developed for PET measurements of the rat brain, has successfully been used in pharmacokinetic and pharmacodynamic studies (8) (9) (10) (11) (12) and for quantitative measurements of glucose metabolism or cerebral blood flow (13) (14) (15) in rats. Here, we report the development of this technology for use in mice. First, we performed theoretic experiments conceiving and characterizing a 0.25-mm-diameter prototype suited for the mouse brain. Second, we characterized 29-methoxyphenyl-(N-29-pyridinyl)-p- 18 Ffluorobenzamidoethylpiperazine ( 18 F-MPPF) binding in the mouse brain with ex vivo autoradiography and performed an in vivo pharmacokinetics study in anesthetized mice. 18 F-MPPF is a well-known 5-hydroxytryptamine receptor 1A (5-HT 1A ) PET radiotracer used in preclinical studies on rats (10, 11, 12, 16, 17) . 18 F-MPPF is particularly suited to the development of the b microprobe for mouse applications because we have already reported time-activity curves for this radioligand in the rat brain using b microprobe technology (10) (11) (12) . In addition, this radiotracer is considered to be of great interest for mouse models presenting 5-HT 1A deregulations such as depression (18, 19) .
MATERIALS AND METHODS

Monte Carlo Simulation
Simulations were performed using Geant4, developed at CERN. Initially developed for particle physics analysis, Geant4 has also proved beneficial in biomedical research (20, 21) . In this study, we investigated a sensitive fiber, 0.25 mm in diameter and 1 mm long, fused to a nonsensitive fiber of the same diameter. Both were simulated with polystyrene. To determine the sensitivity of the probe, we simulated 18 F in brain tissues using a homogeneous cylindric source. The detection volume of the probe (volume in which the positrons are detectable; see (22) for calculation details) was computed from the Geant4 simulation using MATLAB, version 6.5 (The MathWorks, Inc.). This provided the origin coordinates of the emitted particles and determined whether the emitted particle was detected by the probe. From the Monte Carlo results, we determined a 3-dimensional (3D) matrix with 75-mm side voxels, representing the volume where the particles can be emitted. Each voxel corresponds to the ratio between particles detected by the probe and emitted particles, that is, the local detection volume e. The sensitivity was defined as the integral of the efficiency on the volume.
Spectroscopy Setup
Preliminary experiments were performed to evaluate the optical signal delivered by the 0.25-mm-diameter probe. The mean number of photoelectrons generated by b-particles crossing the scintillating part of a fused fiber was measured from 5 fused-fiber samples. These values were compared with the mean number of photoelectrons measured from 5 reference samples based on scintillating fibers without interfaces. Double-clad optical fibers were manufactured by Bicron. Each fused fiber sample consists of a 2-mm-long BCF-12 scintillating fiber (peak emission wavelength at 435 nm) thermally fused to a 5-cm-long BCF-98 clear fiber. The end of the clear fiber was optically coupled to a photomultiplier tube (BURLE 8850; Burle Industries Inc.). A trigger signal was supplied by a second photomultiplier tube (R740; Hamamatsu) set in front of the end of the scintillating fiber and connected to a Nuclear Instrumentation Module discriminator. Fiber samples were irradiated with a 204 Tl source (b-emitter, energy at maximum 5 765 keV, mean energy 5 244 keV) placed 5 mm from the scintillating fiber.
Determination of Experimental Probe Sensitivity
Ten probes were calibrated in 16-mL aqueous 18 F solution (2.3 MBq/mL) to determine the sensitivity of the 0.25-mm-diameter 1-mm-long probes. Corresponding values were expressed in kBq/mL.
Animal Procedure
We used 4 male Swiss mice (body weight, 30 6 3 g). They were housed at standard temperature and humidity, in artificial light (light from 8 AM to 8 PM). All experiments were conducted according to European Community Council (EEC) guidelines and directives (86/09/EEC).
Synthesis of 18 F-MPPF
18 F-MPPF was synthesized with a radiochemical yield of 25% (decay-corrected) in an automated system (23), using the chemical pathway previously described (24) . Chemical and radiochemical purity were determined by high-performance liquid chromatography (.98%). Specific activity from the injected radiotracer ranged from 79 · 10 3 to 332 · 10 3 MBq/mmol.
b microprobe System
The b microprobe is a local b-radioactivity counter that takes advantage of the limited range of b-particles within biologic tissues to define a detection volume in which the radioactivity is counted. A detailed description and discussion of the system can be found elsewhere (25, 26) . In this study, the probes were composed of a scintillating plastic fiber, with a 0.25-mm diameter and 1.0-mm length, fused to a clear fiber of the same diameter and mounted on a Delrin support (Luxeri). An optical guide 60 cm in length was used to connect the nonscintillating end of the probe to a photomultiplier tube (R7400P; Hamamatsu).
Kinetics of 18 F-MPPF Binding
The mice were anesthetized (urethane, 1.8 g/kg intraperitoneally) and placed on a stereotactic frame; their temperature was controlled with a heating blanket (37°C 6 1°C). The stereotactic coordinates used to implant the probes in the hippocampus and in the cerebellum were based on the atlas of Paxinos and Franklin (27 ) . The bregma point and the dura were the referenced points for anteroposterior, mediolateral, and dorsoventral coordinates. The coordinates for implantation of the probes were as follows: anteroposterior, 23.0; mediolateral, 13.0; and dorsoventral, 23.8, for the hippocampus and anteroposterior, 25.8; mediolateral, 21.0; and dorsoventral, 23.0, for the cerebellum. The cerebellum probe was implanted at an angle of 20°to allow placement of the 2 probes. Because of the sensitivity of the probe to external light, in vivo experiments were performed in darkness by covering the mouse's head with black sheets. For each acquisition, 17.5 6 2.1 MBq of 18 F-MPPF (in a volume of about 0.2 mL of saline) were injected into the tail vein over a 30-s period. The catheter was washed immediately with a bolus of saline. Radioactivity concentrations in the brain were measured during 70 min. Time-activity curve data were then decay-corrected to the time of radiotracer injection and normalized to the percentage injected dose per gram.
The binding potential (BP) value was calculated using the classic Logan graphical method for ligands with reversible binding kinetics using the cerebellum as a receptor-free reference region (28) . The BP value is derived from the slope of the linear regression of the Logan plot for t . 20 min:
where Hippo(t) is the measured signal from the hippocampus (free ligand and ligand bound to 5-HT 1A receptors), Cereb(t) is the jnm050047-sn n 6/10/08 measured signal from the cerebellum (reference region with free ligand and no specific binding), k 3 is the rate transfer constant from the free top bound compartment (min 21 ), and k 4 is the rate transfer constant from the free to the bound compartments.
Probe Placement Controls
After the acquisition, the anesthetized mice were killed by decapitation and the brain frozen in 2-methylbutane cooled to 240°C. Cryostat sections (20 mm thick) were cut across the hippocampus and the cerebellum and were thaw-mounted on slides. The sections were stained with cresyl blue, and the placement of the probes was matched on a stereotactic atlas of the mouse brain.
3D Reconstruction of Binding of 18 F-MPPF onto 5-HT 1A Receptors in Mouse Brain
Twenty minutes after the intravenous injection of 18 F-MPPF with an activity of 18 MBq, the mouse was sacrificed and its brain rapidly removed and frozen for autoradiography processing. Brain sections (20 mm thick) encompassing the hippocampus and the dorsal raphe regions were cut using a cryomicrotome at 220°C, mounted on Superfrost slides (Erie Scientific Co.), quickly dried, and exposed onto autoradiographic film (BioMax MR; Kodak) for 24 h. Sections were then stained with cresyl violet. Histologic and autoradiographic images were scanned at 1,200 dpi (ImageScanner and ImageMaster LabScan, version 3.00; Amersham Biosciences Europe). Anatomic and autoradiographic sections were automatically extracted from global scans and rigidly aligned using the block-matching method (29, 30) as follows. First, each anatomic section was registered with the next section, leading by propagation to a coherent 3D anatomic volume. Second, each autoradiographic section was directly coregistered with its corresponding registered histologic section from the histologic volume to generate a consistent 3D radiopharmaceutical binding volume.
RESULTS
Feasibility, Development, and Characterization of 0.25-mm-Diameter Probes
As previously reported for rat prototypes of the b microprobe (25) , the feasibility of using radiosensitive probes for mouse studies was primarily investigated. Because of the small size of the mouse brain (;0.45 g, vs. ;2 g for the rat brain), we chose to develop a probe with 0.25-mm-diameter plastic fibers. These were chosen because plastic is compatible with brain implantations; the diameter is suited for the brain size, allows for fusion of plastic fibers, and is large enough to deliver an optical signal created by b-particles crossing the scintillating fiber; and scintillating and nonscintillating plastic fibers 0.25 mm in diameter are commercially available (Bicron). A 0.25-mm-diameter b-probe prototype was previously developed by Weber et al. (15) but was referenced only to rat applications and the use of 15 O-H 2 O. Thus, feasibility was realized in 2 stages: in the first, the physical performances were theoretically determined; in the second, the possibility of fusing 0.25-mm-diameter fibers was tested.
Probe 18 F cylindric positron source. The detection volume was 13 mL. This was compared with the size of various cerebral loci in mice. As an example, ½Fig: 1 Figure 1 illustrates the detection volume of a 0.25-mm-diameter probe for 18 F and the superimposition of this detection volume with mouse brain frontal sections as if the 0.25-mm-diameter probe were implanted for an 18 F-tracer measurement in the hippocampus and cerebellum. In this typical configuration, the use of the 0.25-mm-diameter probe is well suited for mouse recordings because the probe detection volume fits well with both locus sizes. The detection volume appeared to be consistent with mouse cerebral structures in general, which have volumes of less than 40 mL.
The theoretic sensitivity of the mouse b microprobe was 0.109 cps/(kBq/mL). Because of the expected weakness of the optical signal obtained from b-particles crossing the scintillating 0.25-mm-diameter fiber, we used experimental measurements to estimate the actual sensitivity, taking into account potential signal losses expected in the complete setup (interfaces, photomultiplier efficiency, electronic threshold, and other factors). This result was imposed to establish fusion between the 0.25-mm-diameter plastic fibers. To make these new probes, we introduced and adapted a dedicated machine, previously used only to fuse fibers 0.5 and 1 mm in diameter (26) . This adaptation allowed us to achieve fused samples at the price of low output (10% vs. 100% when using 0.5-mm-diameter fibers) but with an interface mechanically and optically optimized.
To test this quality, we developed a specific low-light analyzer setup (see ''Materials and Methods'') that allowed us to quantify the signal. The maximum, 7.8 6 0.9 photoelectrons, and the mean, 2.6 6 0.2 photoelectrons, represented a 10% decrease in the mean number of photoelectrons, compared with the light intensity spectrum for reference samples (with no fusion). Thus, the fused interface caused a slight loss of light, consistent with observations for fibers of higher diameter, and the choice of thermal fusion to join the plastic scintillating fibers and the optical fibers was validated. In addition, with a mean number of photoelectrons consistently higher than 1, the expected signal should be sufficient for the recording of measurements with such a probe connected to the complete setup. We tested the probe in experimental conditions using the optical guide and the high-sensitivity and low-thermalnoise photomultiplier tube initially used for rat studies (26 ) .
To this end, 10 probes were calibrated in 16 mL of 18 F aqueous solution (2.3 MBq/mL). We obtained an experimental sensitivity of 0.032 6 0.007 cps/kBq/mL. This experimental sensitivity is more than 3 times lower than the theoretic value and, thus, more than 6 times lower than the sensitivity of the probes used for rat studies. This loss in sensitivity is a direct and expected result of the use of the jnm050047-sn n 6/10/08 optical guide, the associated connections, and the electronics threshold, which substantially reduce the signal. Whereas almost all the signal is retained using a 500-mmdiameter probe (with a mean number of 5 photoelectrons initially obtained using 18 F), 60% of the signal is lost using a 250-mm-diameter probe, the sensitivity being at the limit of the recoverable signal.
Pharmacologic Validation of 0.25-mm-Diameter Probe
Before performing in vivo experiments, we determined the distribution of 18 F-MPPF binding in the mouse brain by ex vivo autoradiography. This radioligand showed substantial accumulation in 5-HT 1A regions such as the entorhinal cortex, the hippocampus, and the raphe ( ½Fig: 2 Fig. 2 ). In contrast, accumulation of 18 F-MPPF in the cerebellum was negligible, confirming the low levels of receptor in this region. As well as confirming 18 F-MPPF distribution, these findings helped to determine the optimal implantation site by allowing us to correlate the probe detection volume with the region of highest specificity in the hippocampus ( ½Fig: 3 Fig. 3 ).
In vivo experiments were performed on the basis of this ex vivo validation.
½Fig: 4 Figure 4 shows mean (6SEM) 18 F-MPPF radioactivity kinetic curves for the hippocampus and cerebellum of mice (n 5 4) and the corresponding specific binding curve deduced from subtraction of both the hippocampus and the cerebellum curves. The levels of radioactivity in the hippocampus increased over 10 min, reached a maximum, then decreased slowly with time, whereas radioactivity levels in the cerebellum peaked within 3 min after radioligand injection and then cleared rapidly. The amounts of 18 F-MPPF, expressed as percentage injected dose per gram, reaching both the hippocampus and the cerebellum in mice are similar to those observed from autoradiographic data on rats (16) jnm050047-sn n 6/10/08 3.65, and 3.58, respectively (24)) and autoradiography (3.05, 4.2, and 3, respectively (16)). For a quantitative comparison, we determined the BP of 18 F-MPPF in the hippocampus of the mouse following the method previously proposed by Logan et al. (28) (see ''Materials and Methods''): the mouse BP that we calculated was 1.75 6 0.4. This mouse BP remains close to the rat BP value: 2.3 6 0.6 (11).
DISCUSSION
Since the mid 1980s, the use of mouse models has become increasingly popular for the study of disease. In 2000, more than 90% of all mammals used for research worldwide were mice (31) . Recently, many conventional and transgenic models have been developed to study disorders of the human central nervous system. For example, the possibility that serotoninergic 5-HT 1A deficiency plays a role in mood and anxiety disorders prompted studies to genetically manipulate 5-HT 1A in mice (18, 32) . In this context, PET has become integral to the study of the integrative mammalian biology of disease (33) . Nevertheless, although PET has already and successfully been used in mice for whole-body acquisitions, its current brain applications, requiring high spatial resolution and sensitivity, have met with some limitations. These led us to propose a mouse version of the b microprobe, which was initially designed for rat applications. This probe has specific properties allowing its use as a complement to small-animal PET in neurobiologic experiments on mice.
The aim of the present study was thus to demonstrate the potential benefits and capacity of the b microprobe for in vivo mouse experiments. To this end, we performed our study in 2 stages.
First, we designed and constructed a probe suitable for the mouse brain but limited in invasiveness. Although a 250-mm-diameter plastic probe proved suitable for mouse cerebral PET studies, we also found that a probe of this diameter had potential physical limitations. The rigidity of the probe approached the minimal threshold required for implantation in brain tissue, and the light signal delivered by the positron crossing the scintillating fiber was barely detectable with the photomultiplier tube. An elegant alternative was the use of inorganic scintillators such as lutetium oxyorthosilicate (LSO) with a larger stopping power for b-particles, allowing the probe diameter to be reduced. Using LSO, Woody et al. developed a 500-mm-diameter probe for use specifically in rats (34) . However, compared with plastic probes, LSO is more sensitive not only to positrons but also to 511-keV g-rays. The energy threshold required to eliminate this significant background noise highly reduces the sensitivity of LSO probes especially for 18 F tracers, with a maximum positron energy of 635 keV. Further studies should be performed to evaluate the potential of LSO probes 0.25 mm or less in diameter in mouse applications and, in particular, the influence on probe sensitivity of b-and 511-keV g-signal discrimination by energy threshold.
In the second stage of this study, we tested the capacity of our newly developed b microprobe prototypes to monitor the pharmacokinetics of a specific radiotracer in the brains of living mice. We used 18 F-MPPF, a radiotracer that we previously used with the b microprobe in rat experiments and that has been widely validated for PET studies of 5-HT 1A (17 ) . Although it has previously been shown that regional distribution of this radioligand corresponds to the 5-HT 1A distribution pattern of several species, including rats (9, 10, 12, 16, 35) , cats (36 ) , and humans (37 ) , this study provides the first 3D reconstructions of the autoradiographic volumetric distribution of 5-HT 1A in the mouse brain. These results are consistent with previous studies showing a similar 5-HT 1A distribution pattern between different mammalian species and thus demonstrating the phylogenetic stability of the serotoninergic neurotransmitter systems (38) . In vivo experiments were performed, and 18 F-MPPF specific binding was thus estimated as the difference between the concentration of radioligand in the region of interest (hippocampus, specific plus nonspecific) and the reference region (cerebellum, nonspecific). The time-radioactivity curves obtained with the b microprobe after intravenous 18 F-MPPF administration were reproducible between mice (coefficient of variation, approximately 15%), showing a clear distinction between the hippocampus and the cerebellum. The hippocampus-to-cerebellum ratio increased linearly with time, approaching a value of 3 at 15 min, consistent with previous PET studies on rats (10, 11) . This ratio is compatible for future radiopharmacologic studies on mice, such as studies of radiotracer displacement, competition studies, or comparisons of the BP values between groups.
Thus, several applications may be considered for this methodology. The b microprobe is a versatile tool, used in rats for pharmacokinetic, pharmacodynamic, and physiologic studies (13) ; for determining arterial input function for PET tracers (39) ; and for studies using other in vivo techniques, such as microdialysis or MRI, in combination (24) . As previously discussed, quantitative analysis performed with PET cameras required an optimum balance between sensitivity and spatial resolution; the small size of mouse brain loci makes this balance difficult to achieve. Consequently, only a few studies have reported the use of PET cameras in mouse brain studies. Therefore, the b microprobe provides an attractive alternative to animal PET scanners. Although the b microprobe only defines a detection volume surrounding the radiosensitive probe rather than delivering images, our findings demonstrate that 18 F-MPPF kinetic studies can be performed on live mice. Similarly to studies on rats, the b microprobe has several advantages in mouse studies: it is dynamic, acquiring kinetic data with high temporal resolution (every second) and thus allowing physiologic and pharmacologic processes to be measured; it is sensitive, detecting picomolar concentrations of radioligand in the brain; and although more often producing semiquantitative data, it is potentially quantitative.
CONCLUSION
This is the first study to establish the b microprobe as a tool sufficiently sensitive to measure the specific binding of 18 F-MPPF in the hippocampus of anesthetized mice. Our experimental results, together with our initial simulation studies, demonstrate that the probe is sensitive and selective and thus can be used for radiopharmacologic studies of PET radiotracer binding in the mouse brain. In particular, this new functional imaging approach will be invaluable for studies of serotonergic function in conventional or knockout models of depression. Moreover, this methodology can be used to address a wide range of issues relevant to the PET exploration of neurotransmitter systems in mouse models of neurologic or psychiatric diseases. jnm050047-sn n 6/10/08
